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ABSTRACT Human cells respond to heat stress by induc- 
ing the binding of a preexisting transcriptional activator (heat 
shock factor, HSF) to DNA. We have isolated recombinant 
DNA clones for a humaq HSF (HSFl) by screening cDNA 
libraries with a human cDNA fragment. The human HSFl 
probe was produced by the PCR with primers deduced from 
conserved amino acids in the DrosophUa and yeast HSF se- 
quences. The human HSFl mRNA is constitutively expressed 
in HeLa cells under nonshock conditions and encodes a protein 
with four conserved leucine zipper motifs. Like its counterpart 
in DrosophUa, human HSFl produced in Escherichia coU in the 
absence of heat shock is active as a DNA binding transcription 
factor, suggesting that the intrinsic activity of HSF is under 
negative control in human cells. Surprisingly, an independently 
isolated human HSF clone, HSF2, is related to but significantly 
different from ffSFi [Schuetz,T. J.,Gallo,G. J., Sheldon, L., 
tempst, P. & Kingston, R. E. (1991) Proc. Natl. Acad. ScL 
USA 88, 6911-^915]. 



Organisms respond to an increase in the ambient temperature 
by rapid synthesis of heat shock RNAs and proteins (1-4). 
The regulation of heat shock gen? transcription is mediated 
by the transcriptional activator, heat shock factor (HSF) (5, 
6), which binds to heat shock response elements (HSEs) (7-9) 
present upstream of all heat shock genes. Although the 
sequence of the HSE is highly conserved among widely 
separated species, there are significant differences in the 
properties of HSF. HSF purified from the yeast Saccharo- 
myces cerevisiae, Drosophila, and human have distinct mo- 
lecular masses when measured by SDS/PAGE — 150, 110, 
and 83 kDa, respectively (10-12) — and the proteins do not 
show significant immunological cross-reaction (13). The reg- 
ulation of HSF activity in yeast is also different from the 
regulation in Drosophila and vertebrate cells. In yeast, HSF 
is bound constitutively to heat shock promoters and under- 
goes heat shock-dependent phosphorylation that activates 
the transcriptional capacity (14-18), while in Drosophila and 
vertebrate cells it is the binding of HSF to DNA that is 
induced upon heat shock (19). This induction of HSF binding 
occurs in the absence of protein synthesis (5, 6), suggesting 
that preexistent HSF proteins are activated by a posttrans- 
lational mechanism. 

The genes encoding HSF from the yeast S. cerevisiae (14, 
20) and Drosophila (22) have been cloned. We sought to clone 
the human HSF gene as an entry to the study of mammalian 
HSF, whose activation temperature (40°C-45'*C) is set at a 
higher threshold than the activation temperature for yeast 
and Drosophila HSF (37°C).* 

MATERIALS AND METHODS 
PCR. The PCRs were carried out according to the manu- 
facturer's conditions (Perkin-Elmer/Cetus). Either 2 or 9 /il 
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of a cDN A reaction mjxture was used for PCR in a final vol 
of 50 ftl, with 0.5 each of (0.7 /igZ/xl) primer I: [5'- 
GCCGGC(N)TT(C/T)CTGGCCAA(A/G)CT(N)TGG-3'] 
and primer 11: [5'-CTCGAGCCA(N)AG(N)AC(C/T)TC(A/ 
G)TT(C/T)TC-3']. The reaction was programmed for 1.5 min 
at 94''C, 2 min at 60°C, and 3 min at 72**C; it was repeated 27 
times, with a change of the melting step to 1 min at 94'*C for 
cycles 2-28 and the last extension step at 72''C for 6 min. 
Reaction products (20 /xl) were analyzed by agarose gel 
electrophoresis and ethidium bromide staining. The cDNA 
synthesis reaction contained (in 50 pX) 5 p\ of 10 x PCR 
buffer, 2Q pA of 10 mM dNTP (each 2.5 mM), 2.5 /xl of mixed 
oligodeoxynucleotides [p(dN)6; Pharmacia], (0.2 pg/fi\), 1 fxl 
(20 unitsj of placental RNase inhibitor, 1.25 /il of 50 mM 
MgCl2, 2.5 p\ of murine leukemia virus reverse transcriptase 
(BRL), and 5 /xg (HeLa) or 2 fig {Drosophila embryo) of 
poly(A)'*' RNA. The reaction mixture was incubated at room 
temperature for 10 min and at 42°C for 45 min, terminated at 
95°C for 5 min, diluted with 1 vol of H2O, and frozen at 
-20°C. 

Screening of Human cDNA Libraries. Approximately 10* 
plaques of a human B-cell lymphoma cDNA library (gift of L. 
Staudt, National Institutes of Health) and a human activated 
B-cell cDNA library (gift of J. Kehri and A. Fauci, National 
Institutes of Health; obtained through L. Staudt) in the Agtll 
and Lambda ZAP vectors, respectively, were screened. 
Replicate filters were hybridized with ^^P-labeled human 
HSF PCR fragment, a 55-mer oligonucleotide: 5'-GATGT- 
TCTCAAGGAGCTGCTCCTGGCCACGCAGGAAG- 
CATGGGTGCTGGAACTCC-3' and a 25-mer oligonucleo- 
tide: 5'-AAGCACAACAACATGGCCAG(C/T)TTCA-3'. 
Filters were prehybridized with 6x standard saline citrate 
(SSC)/5x Denhardt's solution/0.1% SDS for 1 hr at 65*'C and 
hybridized with labeled DNA under the same conditions for 
12-16 hr. Filters were then rinsed three times with Ix 
SSC/0,1% SDS at room temperature for 5 min per rinse, 
washed in 0.5x SSC/0.1% SDS, at 65X for 15 min, rinsed 
briefly in Ix SSC, blotted dry, and exposed to x-ray film for 
=«16 hr. Only plaques that gave a reaction with all three 
probes were considered positive. After three rounds of 
plaque purification, the cDNA inserts were subcloned into 
the vector pBluescript SK- (Stratagene) for sequence de- 
termination by the dideoxynucleotide technique. The entire 
sequence presented is contained within a single clone (no. 
108) and has been confirmed by sequencing both strands of 
overlapping regions from two or more independently isolated 
clones. The 5' ends of five clones from the B-cell lymphoma 
cDNA library and two clones from the activated B-cell 
library are nearly coincident (within 66 nucleotides). Hence, 
it is likely that the 5 '-terminal sequences of the HSFl 
message are represented by these clones. Alternatively, the 



Abbreviations: HSF, heat shock factor; HSE, heal shock response 
element; ORF, open reading frame. 

*The sequence reported in this paper has been deposited in the 
GenBahk data base (accession no. M64673). 
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G+C-rich 5' region could represent a common block to 
reverse transcription that occurred in the construction of the 
cDNA libraries. Sequence comparisons were performed by 
using the University of Wisconsin Genetics Computer Group 
sequence analysis program bestfit. 

Expression of Recombinant Human HSF in Escherichia colL 
The 489- and 529-amino acid ORFs were subcloned (after 
introducing a Nde I site by site-directed mutagenesis at the 
presumptive initiating codon) into the expression vector 
pJC20 (J,C. and C.W., unpublished data), pJC20 is a deriv- 
ative of pET 3C (23). No additional amino acids were 
introduced into the cloned HSF protein. E. coU BL21(DE3) 
cells that carry the T7 promoter under the control of a lac 
U V5 promoter were transformed with the expression plasmid 
carrying human HSF or with the vector alone. For prepara- 
tion of bacterial extracts, cells were grown in LB broth 
containing 0.4% glucose and ampicillin (200 yiglxtiX) to an 
ODeoo of 0.5, Isopropyl )3-D-thiogalactoside was added to a 
concentration of 0.4 mM and incubation was continued at 
37*'C for 3 hr. Cell pellets resuspended in HEMG (24) 
containing 0.1% Nonidet P-40 (HEMGN) and 300 mM KCl 
were disrupted by sonication using six 20-sec pulses at 20-25 
W, with chilling in ice water between pulses. Extracts were 
clarified by centrifugation at 10,000 x g for 10 min and 
flash-frozen in liquid N2. Dilutions of the extracts for exper- 
iments were made in HEMGN buffer containing 300 mM KCl 
and 100 /ig of bovine serum albumin per ml. 

Mobaity Shift Assay. Dilutions of an extract of E, coli 
expressing human HSFl were incubated with 10 fmol of 
^^P-labeled, consensus HSE [three alternating L_GAA_J 
modules] and subjected to a gel shift assay on a 1% agarose 
gel essentially as described (19). 

DNase I Footprinting. The Drosophila hsp70 gene fragment 
(positions - 185 to +295) was 5'-en(d-labeled with ^^P at either 
the upper strand or the lower strand. Labeled DNA (5 fmol) 
was incubated with' various dilutions of an E, coli extract 
containing cloned human HSF-1, an E. coli extract containing 
cloned Drosophila HSF (22), or E, coli extract only in a total 
vol of 20 ^1, as in gel mobility shift conditions, for 10 min at 
room temperature. One microliter of 1(X) mM MgCl2 and 0.03 
unit of DNase I were added, and incubation was continued 
for 1 min. The reactions were terminated by the addition of 
2% SDS/50 mM EDtA; DNA was purified and analyzed on 
an 8% sequencing gel. 

In Vitro Transcription Assays. Extracts prepared from 0- to 
12-hr Drosophila embryos were used for transcription assays 
as described (22, 24, 25). As an internal control for transcrip- 
tion from the template carrying two HSEs, the same template 
with the HSEs deleted [as well as a 30-base-pair (bp) down- 
stream region] was mixed in the reaction. RNA originating 
from the template lacking HSEs is thus distinguished by a 
30-nucleotide decrease in size. As a further control for RNA 
recovery, a defined amount of RNA synthesized from a T7 
promoter upstream of the hsp70 sequences inserted into 
pBluescript was introduced into each transcription reaction 
mixture along with the stop solution. Experimental details are 
given in ref. 22. 

Northern BJot Analysis. Total cytoplasmic RNA was pre- 
pared from nonshocked or heat shocked (30 min at 45°C) 
He La cells. Poly(A)"^ RNA was isolated by using a poly(A) 
Quik mRNA purification kit (Stratagene). Three microgranis 
of poly(A)"^ RNA was separated on a 1% agarpse/formal- 
dehyde gel, blotted onto a GeneScreen membrane (DuPont/ 
New England Nuclear), and hybridized with a pBluescript 
plasmid carrying the human HSFI cDN A, labeled with ^^P by 
the random-priming technique (Boehringer Mannheim). 

RESULTS 

Isolation of cDNA Clones for Human HSFl. Examination of 
the amino acid sequence of Drosophila and yeast HSF 



Proc. Natl. Acad. ScL USA 88 {1991} 6907 

indicated that the proteins were substantially divergent, 
except in the regions corresponding to the DNA binding and 
multimerization domains. Based on the sequence similarity in 
these domains, we designed degenerate primers derived from 
each domain for PGR amplification of a segment of the human 
HSF gene. PGR amplification generated a human cDNA 
fragment of «460 bp, similar in size to fragments amplified 
from total Drosophila cDNA and the Drosophila HSF cDN A 
clone (data not shown). The amplified human cDNA was 
purified, sequenced, and found to be similar (but not identi- 
cal) to the corresponding region of Drosophila HSF. This 
amplified fragment, and two nondegenerate oligonucleotides 
contained within its sequence, were used to screen cDNA 
libraries for the human HSF gene. 

The DNA and predicted amino acid sequence of a putative 
human HSF cDU A (HSFJ) is presented in Fig. 1. The cDNA 
sequence presented is identical over the entire length for at 
least two independent clones, except for a heterogeneity in 
\ the 3' portion of the sequence. This heterogeneity is due to 
a stretch of 8 nucleotides (shown in white print) that is present 
in one cDNA clone and absent in another clone isolated from 
the same library. Assuming that the first methionine found in 
the sequence is initiating, the cDNA variant including the 8 
nucleotides carries an ORE of 529 amino acids. This se- 
quence variant was also isolated from a different cDNA 
library. The other cDNA (excluding the 8 nucleotides) carries 
the same ORE up to the point of heterogeneity, Ser-461, after 
which the predicted amino acid sequence diverges until a stop 
codon after residue 489. The occurrence of the two sequence 
variants in the natural RNA population has not been deter- 
mined. It should be noted that an in-frame stop codon was not 
found in the cDNA sequence upstream of the presumptive 
translational start, so that the true N terminus of the protein 
could lie further upstream. This possibility is diminished by 
the essentially equal lengths of the HSFI cDNA sequence 
and HSFl mRNA (see below). The putative human HSFl 
ORFs predict proteins unusually rich in prolines (10%) and 
serines (13%), most of which reside in the C-terminal half and 
could be targets for phosphorylation in vivo. 

Human HSFl Expressed in Bacterial Cells Functions as a 
DNA Binding Transcription Factor. We expressed the 489- 
and the 529-amino acid ORE in E. coli by using the T7 RNA 
pplynierase-dependent expression system (22, 23), Both 
ORFs were found to be expressed at a comparable level in E. 
coli ("Fig, 2A). The molecular masses of the recombinant 
proteins for the 489- and 529-amino acid ORFs as measured 
by SDS/PAGE are 60 and 70 kDa, respectively, significantly 
higher than the predicted mass of 52,880 and 57,273, but 
lower than the apparent 83-kDa mass of the purified protein. 
The anomalous SDS gel mobility of the cloned proteins is 
reminiscent of similar anomalies with yeast and Drosophila 
HSF proteins (14, 20, 22). The apparent difference in mass 
between the natural and recombinant human HSEs may be 
due to posttranslational modification of the natural protein 
(26). 

Extracts prepared from E. coli expressing the human HSFl 
ORFs showed specific binding to the HSE, as indicated by a 
gel mobility shift assay, and by DNase I footprinting on the 
Drosophila hsp70 promoter (Fig. 2 B and C). The DNase I 
footprints produced by the 489- and 529-amino acid ORFs are 
essentially identical to the footprint produced by cloned 
Drosophila HSF protein, with the exception of a distinctive 
hypersensitive site at the downstream border of iht Drosoph- 
ila HSF footprint, which is absent in the human HSF foot- 
print. There is no significant difference in the relative binding 
affinities of the 489- and the 529-amino acid ORFs, as 
indicated by the equivalent footprinting activity of the two 
proteins. At the lowest concentration of HSFl tested, only 
the proximal, high-affinity HSE is occupied (see also ref. 22). 
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No binding to the HSE was found in extracts prepared from 
E. coU cells transformed with the expression vector alone. 

We tested the ability of the cloned human proteins to 
function as transcription factors in vitro by using a heat shock 
plasmid template and a cell-free transcription system derived 
from Drosophila embryos (22, 24, 25). As shown in Fig. 3v4, 
addition of extracts of E, coli expressing either the 489- or the 
529-amino acid ORF caused an «6-fold stimulation of tran- 
scription in vitro. This increase, similar to that observed with 
cloned Drosophila HSF protein, is dependent on the HSE, 
because no transcriptional enhancement was observed when 
a template with the HSEs deleted was used. The ability of the 
489- and 529-amino acid ORFs to function as HSE-dependent 
transcription factors indicates that both ORFs encode most 
or all of a functional human HSFl protein. 

mRNA for Human HSFl Is Constitutively Transcribed. We 
determined the expression of HSFl mRNA in normal and 
heat shocked HeLa cells by Northern blot analysis (Fig. 3B). 
Consistent with the presence of an (inactive) HSF protein 
prior to heat shock (5, 6), the levels of human HSFl mRNA 
are identical before and after heat shock, indicating that the 



human HSF! gene is constitutively transcribed under non- 
shock conditions. The size of human HSFl mRNA as mea- 
sured against molecular size standards is 2.0-2.2 kilobases, 
which is essentially identical to the length of the 2156- 
nucleotide cDNA sequence. 

Sequence Comparison with Drosophila HSF Reveals Four 
Conserved Leucine Zippers. A previous comparison of the 
predicted amino acid sequences of Drosophila and yeast HSF 
revealed sequence divergence over a large portion of the 
proteins, except for two core conserved regions (A and B) in 
the N-terminal half (Fig. 1 and ref. 22). Analysis of the human 
HSFl sequence shows that it is more similar to Drosophila 
HSF than to yeast HSF. In the 66-amino acid region A, which 
includes sequences important for DNA binding (14, 20, 22), 
the predicted amino acid sequence of human HSFl (residues 
16-81) is 67% identical to Drosophila HSF and 55% identical 
to yeast HSF. Residues conserved in this region of human 
HSF include the similarity to residues in the putative recog- 
nition helix of bacterial cr factors (22, 27, 28). In region B, 
human HSF (residues 164-197) is 79% identical to Drosoph- 
ila HSF and 41% identical to yeast HSF. Region B is the 
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TGCAGTCA AACCGGATCCTGGGGGTGAAGAGAA AGATCCCCCTGA TGCTGAACGAC 

217 GSAHSMPKYSRQFSLEHVHGSGPYSAPSPA 

649 GGCTCAGCACATTCCATGCCCAAGTATAGCCGGCAGTTCTCCCTGGAGCACGTCCACGGCTCGGGCCCCTACTCGGCCCCCTCCCCAGCC 

247 VSSSSLYA POAVASSGPIISOITELAPASP 

7 39 TACAGCAGCTCCAGCCTCTACGCCCCTGATGCTGTGGCCAGCTCTGGACCCATCATCTCCGACATCACCGAGCTGGCTCCTGCCAGCCCC 

2 7 7 MASPGGSIOERPLSSSPLVRVKEEPPSPPO 

8 29 ATGGCCTCCCCCGGCGGGAGCATAGACGAGAGGCCCCT ATCCAGCAGCCCCCTGGTGCGTGTCAAGGAGGAGCCCCCCAGCCCGCCTCAG 

3 0 7 SPRVEEASPGRPSSVOTLLSPTALIDSILR 

9 1 9 AGCCCCCGGGT AGAGGAGGCGAGTCCCGGGCGCCCATCTTCCGTGGACACCCTCTTGTCCCCGACCGCCCTCATTGACTCCATCCTGCGG 

3 3 7 ESEPAPASVTALTDARGHTDTEGRPPSPPP 

1 0 0 9 GAGAGTGAACCTGCCCCCCCCTCCGTCACAGCCCTCACGGACGCCAGGGGCCjACACGGACACCG^GGGCCGGC£TCCCTCCCCCCj^GCCC 

3 6 7 TSTPEKCLSVACLDKNELSDHLDAMDSNLD 

10 99 ACCTCCACCCCTGAAAAGTGCCTCAGCGTAGCCTGCCTGGACAAGAATGAGCTCAGTQACCACTTGGATGCT ATGGACTCCA ACCTGGA ' 
A A A - 
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12 79 ATGAGCCTGCCTGACCTTGACAGCAQCCTGGCCAQTATCCAAGAGCTCCTGTCTCCCCAGGAGCCCCCCAGGCCTCCCGAGGCAGAGAAC 
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487 DLPVLFELGEGSYFSEGDGFAEDPTISLLT 

14 59 GACCTGCCGGTGCTGTTTGAGCTGGGAGAGGGCTCCTACTTCTCCGAAGGGGACGGCTTCGCCGAGGACCCCACCATCTCCCTGCTGACA 

517 QSEPPKAKDPTVS * • 

15 49 GGCTCGGAGCCTCCCAAAGCCAAGGACCCCACTGTCTCCHEAGGCCCCGGAGGAGCTGGGCCAGCCGCCCACCCCCACCCCCAGTGCAG 

1 6 3 9 GGCTGGTCT TGGGGAGGCAGGGCAGCCTCGCGGTCTTGGGCACTQGTGQGTCGQCCGCCATAGCCCCAGTAGGACAAACGGGCTCGGGTC 

17 29 TGGGCAGCACCTCTGGTCAGGAGGGTCACOCTGGCCTGCCAGTCTGCCTTCCCCCAACCCCGTGTCCTGTGGTTTQGTTGGGGCTTCACA 

16 19 GCCACACCTGGACTGACCCTGCAGGT T G T TC A T AGT C AG A A T T G T A T T T T GG A T T T T T AC A C A AC T QT CCCG T T CCCCGC T CO A C A G A G A 
19 09 TACACAGATAT ATACACACAGTGGATGGACGGACAAGACAGGCAGAGATCTAT AAACAGACAGGCTCT AAAA AA AAAAAAAAAAAA AA 



Fig. 1. DNA and predicted amino acid sequence of the human HSF {HSFl) cDNA. The presumptive start and stop codons, and the 
S-nucIeotide heterogeneity (see text), are highlighted in white print. Numbering of the DNA sequence shown in the left margin begins with the 
A of the presumptive initiating AUG codon. The amino acid sequence of the 529-amino acid open reading frame (ORF) is presented, terminated 
by an asterisk. The sequences corresponding to the PGR primers arc underlined. Regions conserved between human HSFl and HSF2 are 
stippled. Brackets delineate regions A (Pro- 16 to Val-81) and B (Glu-164 to Val-197) corresponding to core similarities between Drosophila and 
yeast HSFs. Open and solid triangles show the four arrays of heptad repeats of hydrophobic amino acids. The 489-amino acid ORF is identical 
to the 529-amino acid ORF from Met-1 to Ser-461, after which the reading frame in single letter code is AGALHSAAAVPAGPRLRGHRE- 
QRPAGAV (amino acids 462-489). The 529-amino acid ORF variant of HSFl shows further similarity (Lys-463 to Phe-474) to HSF2 (67% 
identity). 
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Fig. 2. Expression of HSFl in E. coli and analysis of DNA 
binding activity. (A) SDS/PAGE of cloned human HSFl. Five 
microliters of control bacterial extracts or extracts expressing each 
of the two ORFs of human HSFl were separated on a 10% gel and 
visualized by Coomassie blue staining. Molecular mass standards 
(kDa) (Pharmacia) are indicated on the right. (B) Gel mobility shift 
analysis. One microliter of a 1000-fold (489-amino acid ORF) or 
100-fold (529-amino acid ORF) dilution of bacterial extract express- 
ing human HSFl was incubated with labeled HSEs and analyzed by 
agarose gel electrophoresis. The specific activities of the labeled 
HSEs in the two experiments are not equivalent; hence, the -fold 
dilution of the bacterial extracts indicated is not an accurate reflec- 



FiG. 3. In vitro transcription with cloned human HSFl protein 
and Northern blot analysis of human HSFl message. {A) Primer- 
extension analysis of RNA synthesized by a cell-free transcription 
system derived from (nonshocked) Drosophila embryos supple- 
mented with 0.1 /il of £. coli extract from cells expressing the 489- 
and 529-amino acid ORFs of human HSF (+) and from cells 
transformed with the expression vector only (-). For comparison, a 
similar experiment was performed with a \-^\ extract of E. coli 
expressing the Drosophila (Dros.) HSF protein. Schematic drawings 
of the two templates are aligned with the primer-extension products 
of the respective transcripts, (fi) Expression of the human HSFl 
message. PolyCA)"*" RNA was fractionated by formaldehyde/agarose 
gel electrophoresis, transferred to a solid support, and hybridized 
with a labeled human HSF clone. The locations of RNA size markers 
(kilobases) (BRL) are indicated on the right. The amounts of mRNA 
from normal and heat shocked cells on the Northern blot were 
equivalent, as determined by probing for actin mRNA (data not 
shown). 

conserved core of a broader region that bears three arrays of 
hydrophobic heptad repeats and is implicated in the multi- 
merization of HSF. Two of these hydrophobic heptad repeats 
overlap and are positioned out of phase by one residue. The 
unusual arrangement of hydrophobic heptad repeats or leu- 
cine zipper motifs is strikingly conserved in human HSFl and 
is likely to mediate the formation of multimeric human HSFl 
complexes » as has been proposed for the Drosophila and 
yeast HSF proteins (22, 29). Two other regions in the 
C- terminal half of Drosophila and yeast HSF that are rich in 
serine and threonine residues and show marginal conserva- 
tion (22) are absent in human HSFl. 
* We discovered a fourth leucine zipper motif located in the 
C-terminal region that is conserved between human HSFl 
(residues 383-410) and Drosophila HSF (residues 583-610). 



tion of the relative binding affinities of the 489- and 529-amino acid 
ORFs. The positions of free DNA (F) and DNA bound to HSF (B) 
are indicated. Assays were carried out in the absence (none) and 
presence of a 50-foId excess of unlabeled HSEs derived from the 
hsp82 genes (19) or in the presence of sequences from the hsp70 
TATA box (TATA; ref U). Extracts prepared from cells not 
expressing HSFl did not show HSE binding activity (data not 
shown). (C) DNase I footprinting assay. The Drosophila hsp70 gene 
fragment was labeled at the 5' end or at the 3' end (data not shown). 
E, coli extract containing cloned human HSFl, 489- and 529-amino 
acid ORFs (1 ^1 each of undiluted, 10-fold diluted, and 100-fold 
diluted extract); cloned Drosophila HSF, Dros. HSF (1 ^1 of 
undiluted extract); or no HSF, control (1 p\ of undiluted extract) was 
incubated with the labeled fragment and subject to DNase I diges- 
tion. Fragments were purified and analyzed on an 8% sequencing gel. 
Sequences protected on the upper strand are 5'-GCACACrrGTTC- 
TCGTTGCTTCGAGAGAGCGCGCCTCGAATGTTCGCGAAAA- 
GAG-3', 
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This fourth leucine zipper is absent in yeast HSF. Because 
the yeast HSF protein displays a constitutive DNA binding 
capacity, we speculate that the function of the fourth zipper 
in human and Drosophila HSFs could be to mediate forma- 
tion of the inactive HSF complex under nonshock conditions. 
The positions of the four hydrophobic heptad repeats are 
denoted by triangles in Fig. 1. 

DISCUSSION 

We have isolated cDNA clones for a human HSF (HSFl) and 
shown that two variant ORFs for HSFl function as HSE- 
dependent transcription factors in an in vitro transcription 
assay. These studies on the 489- and 529-amino acid ORFs 
were performed with protein expressed in E, coli at 37®C, the 
temperature at which HSF remains inactive in human cells. 
Our results suggest therefore that the cloned HSFl proteins 
have an intrinsic capacity to assume the active conformation 
at a nonshock temperature, and this capacity is apparently 
repressed in human cells until the onset of heat stress. In this 
respect, the properties of human HSFl parallel those of 
Drosophila HSF, which is also highly active when expressed 
in E. coli at the nonshock temperature (22). The active 
Drosophila HSF protein associates as large multimers, the 
hexamer being the form that binds to a canonical HS£ with 
high affinity (22, 30), and it has been suggested that a block 
in multimerization, caused by altered protein folding or the 
binding of an inhibitory substance, may be responsible for the 
suppression of HSF binding in vivo. The cloned human HSF 
protein also associates as multimers (S.K.R., unpublished 
data); hence, a similar mode of HSF regulation might operate 
in human cells. 

In the course of these studies, we became aware of another 
human cDNA cloned by Kingston and co-workers (see ref. 
32). The sequence of this cDNA clone also shows similarity to 
Drosophila and yeast HSF, but it has substantial differences 
from the cDNA clones we isolated. By mutual agreement, the 
cDNA reported here and in the accompanying paper have 
been designated HSFl and HSFl, respectively. Schuetz et al 
(32) isolated HSF2 by screening a human cDNA library with 
degenerate oligonucleotides designed from the sequence of 
tryptic peptides of human HSF purified from heat shocked 
HeLa cells. Of five peptides whose sequences were deter- 
mined, two are located in HSF2, whereas all five could be 
located without discrepancy in the common region of the 489- 
and 529-amino acid ORFs of //5f 7. Therefore, it is likely that 
HSFl encodes the predominant HSF protein isolated from 
heat shocked human cells. 

The predicted amino acid sequences of human HSFl and 
HSF2 are very similar in approximately the N-terminal half 
of the proteins [60% identity over 206 residues, from Ser-13 
to Gly-217 of HSFl, and Ser-5 to Gly-206 of HSF2 (Fig. 1)], 
allowing gaps of one and three residues between Asp-77 and 
Ser-78, and between Ser-114 and Lys-115 of HSF2, respec- 
tively, and one residue between Thr-97 and Glu-98 of HSFl. 
This conserved region encompasses not only regions A and 
B, the core similarities between yeast, Drosophila, and 
human HSFs, but also sequences extending away from the 
conserved cores that are divergent between HSFs of different 
species . By this criterion , the two human HSFs are somewhat 
more related to each other than to HSFs from yeast and 
Drosophila. In addition, the C-terminal region that carries the 
fourth leucine zipper motif is well conserved between human 
HSFl and HSF2 (50% identity over 44 amino acids; HSFl 
residues 379-422 and HSF2 residues 355-398) (Fig. 1). It is 
unlikely that the two human HSF proteins represent poly- 
morphisms in the human population, as there are numerous 
nucleotide substitutions within the conserved regions and 
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little similarity outside the conserved regions. In a parallel 
study, different cDNA clones were also isolated from tomato 
(31). Hence, the existence of multiple HSF proteins may be 
a property of many species. 

What might be the purpose of multiple transcription factors 
responding to cell stress? It is possible that the different 
HSFs may have evolved to respond to different temperature 
thresholds or to other (chemical) stress signals known to 
induce heat shock gene transcription. Or, as observed with 
the two heat shock cr factors in bacteria (21, 33) and the three 
tomato heat shock factors (31), there may be constitutive and 
inducible stress regulator genes in order to accommodate 
transient and sustained stress signals. The availability of at 
least two HSF genes in humans paves the way to a detailed 
dissection of this important physiological response in a 
mammalian system. 

We thank J. T. Westwood for assistance in the initial stages of the 
library screen; P. Becker for advice and materials for the in vitro 
transcription assay; G. Lavorgna for assistance with sequence anal- 
ysis; L. Staudt, J. Kehrl, and A. Fauci for gifts of human cDNA 
libraries; C. Klee for helpful comments; and especially J. Eldridge for 
synthesis of oligonucleotides. We also thank T. Schuetz and R. 
Kingston for communication of their unpublished data. S.K.R. was 
supported by a National Research Service Award from the National 
Institute of General Medical Sciences, and J.C. was supported by a 
fellowship from the Deutscher Akademischer Austauschdienst. 

1. Novcr, L., Hellmund, D., Neumann, D., Scharf, K.-D. & Scrfling, E. 
(1984) Biol. Zentralbl. 103, 357-435. 

2. Craig, E. A. (1980) Cnt. Rev. Biochem. 18, 239-280. 

3. Lindqulst, S. (1986) Anna. Rev. Biochem, 55, 1151-1191, 

4. Lindquist, S. & Craig, E. A. (1988) Annu. Rev. Genet. 22, 631-677. 

5. Wu, C, Zimarino, V., Tsai. C, Walker, B. & Wilson, S. (1990) in Stress 
Proteins in Biology and Medicine, cds. Morimoto, R. I., Tissieres, C. & 
Georgopoulos. C. (Cold Spring Harbor Lab., Cold Spring Harbor, NY), 
pp. 429-442. 

6. Lis, J. T. & Wu, C. (1991) in Transcriptional Regulation, cds. Yama- 
moto, K. R. & McKnight, S. L. (Cold Spring Harbor Lab., Cold Spring 
Harbor, NY), in press. 

7. Pelham, H. R. B. (1982) Cell 30, 517-528. 

8. Amin, J., Ananthan, J. & Vocllmy, R. (1988) MoL Cell. Biol. 8, 
3761-3769. 

9. Xiao, H. & Lis, J. T. (1988) Science 239, 1139-1142. 

10. Sorger, P. K. & Pelham, H. R. B. (1987) EMBO J. 6, 3035-3041. 

11. Wu, C, Wilson, S,, Walker, B., Dawid, L, Paisley, T.. Zimarino, V. & 
Ueda, H. (1987) Science 238, 1247-1253. 

12. Goldenberg, C. J., Luo, Y., Fenna, M., Baler, R., Weinmann, R, & 
VocUmy. R. (1988) J. Biol. Chem. 263. 19734-19739. 

13. Zimarino. V.. Wilson, S. & Wu. C. (1990) Science 249, 546-549. 

14. Sorger, P. K. & Pelham, H. R. B. (1988) Cell Si, 855-864. 

15. Sorger, P. K. (1990) Cell 62, 793-805. 

16. Jakobsen, B. K. & Pelham. H. R. B. (1988) Mol. Cell. Biol. 8, 5040-5042. 

17. Szent-Gyorgyi, C, Finkclstein, D. B. & Garrard, W. T. (1987) /. Mol. 
Biol. 193, 71-80. 

18. Gross, D. S. & Garrard, W. T. (1988) Annu. Rev. Biochem. 57, 159-197. 

19. " Zimarino, V., Tsai. C. & Wu, C. (1990) Mol. Cell. Biol. 10, 752-759. 

20. Wiederrecht, G., Scto, D. & Parker, C. S. (1988) Cell 54, 841-853. 

21. Gross, C. A., Straus, D. B. & Erickson, J. W. (1990) in Stress Proteins 
in Biology and Medicine, cds. Morimoto, R. L, Tissieres, A. & Georg- 
opoulos, C. (Cold Spring Harbor Lab., Cold Spring Harbor, NY), pp. 
167-190. 

22. Clos, J., Westwood, J. T., Becker, P. B., Wilson, S., Lambert, K. & Wu, 
C. (1990) Cell 63, 1085-1097. 

23. Studier, F. W. & Moffat, B. A. (1986) J. MoL Biol. 189, 113-130. 

24. Biggin, M. D. & Tjian, R. (19M) Cell S3, 699-711. 

25. Soeller. W. C, Poole, S. J. & Romberg, T. (1988) Genes Dev. 2, 68-81. 

26. Larson, J. S.. Schuetz. T. J. & Kingston, R. E. (1988) Nature (London) 
335, 372-375. 

27. Gribskov, M. & Burgess, R. R. (1986) Nucleic Acids Res. 14, 6745-6763. 

28. Hclmann, J. D. & Chamberlin, M. J. (1988) Annu. Rev. Biochem. 57, 
839-872. 

29. Sorger. P. K. & Nelson, H. C. N. (1989) Cell 59, 807-813. 

30. Percsic, O., Xiao, H. & Us, J. T. (1989) Cell 59, 797-806. 

31. Scharf, K.-D., Rose. S., Zott, W., Sch6fn, F. & Never, L. (1990) EMBO 
J. 9, 4495-4501. . 

32. Schuetz, T. J.. Gallo, G. J., Sheldon, L., Tempst. P. & Kingston, R. E. 
(1991) Proc. NatL Acad. Sci. USA 88, 6911-6915. 

33. Grossman, A. D., Erickson, J. W, & Gross, C. A. (1984) Cell 38, 
383-390. 



